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EDDY CURRENT DAN PING 


In FLAT AND CYLINDRICAL CUKDUCTING oURF ACES 


SECTION I 


POREVORD 


The use of eddy currents to produce damping in 
dynamic2l systems is becoming more prevalent than 
heretofore, particularly in the design of acceler- 
ometers and similar instruments. The value of eddy 
current damping lies in the fact that the force 
produced is more nearly proportional to velocity 
undermuch wider conditions of damping than with 
other systems. The chief disadvantage of the use 
of eddy current damping is the size and weirht of 
the magnet which is required. if an electromagnet 
is used there must be a source of well rerulated 
electric current available; if a permanent marnet 
is used it must maintain 2 substantially constant 
value of gap flux under all operatine caditions 
and for a lone period of time. Inst-uments for 
use in Aixborne craft in particular have strict 


requivements as to size and weight. 








These disadvantases are largsely teins overcome by 
the use of high~-retentivity magnetic materials 
such as Alnico and should present less of a 
problem with the passage of time. 

The physical arrangement for producing eddy 
current damping can take a sreat variety of forms. 
It is the purpose of this paper to analyze two basic 
types which have perhaps the greatest possibility 
of use. The analysis will then be substantiated 
with experimental data, ‘The two types to be 
considered are: 

A -- <A flat conducting plate moving linearly 
between the poles of a magnet in a direction 
perpenfricular to the lines of magnetic flux. 

B -- <A conducting crlinder moving linearly in 
a direction perpendicular to the lines of 
flux of a radial field; the axis of the radial 
field being coincident with the axis of the 
cylinder and the field being uniform and 
finite between two parallel planes which are 
perp mdicular to the axis of the cylinder. 

Type A can be called a "flat plate" system 
and will be here subdivided as to whether the poles 
of the magnet have a rectanrular or circular cross 


section. Type B can be called a "cylindrical" 








system. It is sometimes called a "cup" svsten 
when one end of the conducting cylinder is covered 
over for a@ountineg purposes. It will be brought out 
that the covering of one end of the cylinder is bad 
practices and hence the tern "cup" will not be used 
for the general classification. The two types of 
systems are useful because they are both simple as 
to design and construction. Other more complicated 
systems are possible. The methods used here should 
apply in principle, if not directly, to nearly all 
systems having engineering applications, and pare- 
ticularly in the field of instrumentation. 

The physical laws upon which eddy current 
dampine is based sare well known and will not be dis-~ 
cussed here. The principle involved is the pro- 
duction of electric currents in a conducting medium 
when that medium is in motion in e Whaneine sarnetic 
field, and the resulting force produced on the 
conducting medium by the interaction of these currents 
with the causative field. For clarity a listing of 
the formulae, together with definitions of the symbols 


to be used follows: 











dg'= af cos</ 


ge fast 


e=electric potential difference 


E=- electric potential gradient 
B= magnetic flux density 
I= current density 


T= conductivity of conducting medium 








J,M,r,r',a,ovelinear distances 

f=force at point P 

f'sforce at point P in a direction parallel to the 

direction of motion of the conducting medium 

¥F =total force on the conducting medium 

v slinear velocity of the conducting medium relative 
to the magnetic field 

=thickness of conducting medium 

=total magnetic flux 


aarea 


4g > eH 2 


=volume 

dlselement of length 

i,j,k=unit vectors, Tir-hit nanded orthogo:.al system 
X,y,z=cartesian coordinate axes 

All quantities treated as vectors are undcrlined, 
All quantities are in c.g.S. units. 

The following assumptions have been made for the 
analytical development: 

1. The flux density is uniform and constant 
between the magnet poles and zero everywhere else 
(no fringing effect). 

2. The thickness, d, of the conducting medium 


is small enough in relation to the other dimensions 








so that for analytical purposes the flat plate 
can be considered as a plane and the cylinder as a 
bent plane. 

3. The conducting medium contains no ferro- 
Magnetic materials. This assumption nust be 
rigidly adhered to in practice since even very 
small amounts of magnetic material in the con- 
ducting medium will prevent the damping force from 
being linear with respect to velocity, and an 


entirely new analysis will be required. 








R-1 Flet plate moving between the Doles of a 


magnet having pole Yaces rectangular in 


srosw@ scction. 





Consider a flat conducting plate of infinite x y 
dimensions and thickness d in the 2 direction, moving with 
a velocity v toward the right between the poles of a 
magnet which have total linear dimensions of 2a and b. 

Irom the sketch above, which shows the projection 
of the pole face on the plate, there will be a change 
of flux along the lines 1-2 and 3=4, but none along 


223 or ke=)h, 








ae 


For the right side of the pole face, line 1-2; 

o = [vyxB]+ al 

=[vi x By k} dyoJ 
EB ="V Boj 
curls =[y xB ]--v B dyok 
Curl I=cvB, dy, 
rs (x-a)i t(y-yo)d 
[curlixr]=*vBo[-{y-yoli + (x-a)J Jay, 

2 

r“= (x-a) “+ (y-¥9)° 


- Boe v (¥-Yo)2-(x-a)d 
QS 4) oa eee [—— ] av 
(azxy'R pee (x-a)*+ (y¥-¥o) ° 
< hhe —T 
(I pr tas Y-Yo) 4p : 
es er | (za) 2+ (y-¥9)” 


b 
(x-a) dy 
: ee 
0 (x-a) + (y-yg) 


For the left side of the pole face, line 3-3 
curl I =-cvB,dy,*« 
re (xta)i+ (y-yy)d 
feurl Ixr]=-c VBo [- (y-y,)it (x+a) jay, 


r& (xta)*+ (y-y9)* 


Bor (y-Yo)4- (xra)j 
iil = a eet oS dy 
— ae (xra)~+ (y-y,)7 ‘ 








4 
5 
B oo V rs wr 
ae: re) : (y ¥5)4¥5 a (xra)dy, 
= -—-~ 
xy'L oT 2 - 


xra}+ (F-¥, ‘ 
o 


(xea) “4 (Fg) 


txy? (Zoey dic + (Toyz 


Performing the indicated integrations and combining 
their results: 
Lan (ae0)* (y-v)* |, 


B R 2 
- 2} {2 an tz) + (yb) 2 
r y 4 


I , 
—m 27 (x-o)“+ y* (xra) > y” 


[an 7 _ van? 9-° _ganm+_ ten? <| J 
X-a X-a X+ 0 K+ @ 
This expression gives the current density at any 
point P(x,y) in the infinite plane in terns of its 
normal components, 
To find the force on the moving plete produced 
b this current density distribution: 
ag={ Ixp | dx dy d, which is the force on an 
elemental volume ax dy d. 
Let LiF K[ Li+ it | as a general expression 
Then: 
af =| K(Littj)x39k| dxaya 
df= K(MB,1i-LB,J) axdya 
and agf'= KMB idxzdyd 








LO 


ba 
EF: fat’= KB,as J ay J uax 


Force is produced only within the area of the 
Plate covered by the pole faces since B= 3. within 
this area and B=0 outside of this area: 


Performing the integrations: 


‘ + -1 b l b* } 
Bo ge raane/ et | 2tan >= s~ = int a - 


The term (-i) indicates that the foree is in the 
direction mrailel but opposite to the direction of 
movement of the plate. The j term in the expression 
for df has a value of zero showing that there are no 
forces tending to move the plate in a perp ndicular 
(y) direction. The k term which might result in a force 
parallel to the lines of flux is completely absent. 

The term in bars | ( in the expression for f is a 
dimensionless term whose value depends on the ratio of 
lengths of the sides of the pole face. Calling this 
term C, and noting that 2ab equals the area of the pole 
face A, then: 


2 
f= a, o~ vaAC 





6 —— 
: - 
‘ 
e 
' 
= = 
7 ? 
> 
_—2 @& ——— 
fe 
oe 
= = = 
oe “= 
- 
' 
—_ 
“ ; 
_ a 
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or 
Fr = $evaa7te where BoA= $ » the total flux. 

The variation of the factor C as the ratio of the 
lengths of the sides of the pole face varies is shown 
in fel. Thus, other factors such as convenient physical 
arrangement not considered, it is seen that the pole 
faces should be lonser in the direction perrenticular 
to the direction of motion of the plate (y) than in 
the parallel direction (x). 

The development thus far has been for a plate 
which has infinite x and y dimensions. Of course in 
actual application the dimensions of the plate must 
be finite. In order to eccount for this fact let the 
expression for the foree on the plate, F, be multiplied 
by a factor C*, 

f= ¢ van7tcc! 

The object of the following discussion will be to 
determine the value of C' for various configurations 
of the finite plate. 

It is desired first to plot the curves of constant 
current density for an infinite plate with a civen pole 


face configuration. This plot could be made from the 


equation: 
Tg X[Divij] 
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The following development, however, gives an 
easier expression with which to work: 


jeurl 1| =2|v-3,41] 


\iaz),|- ert Ir|=//(x-0) °+ (y-¥,)° 


27 |r] 
)3,0 val| aia ae 
\( az). | 2 sirkAxea) “+ (Yy-y,) 
he 27 jrl / 2 
b 
\Byo Wf dy, 
Fal ae |e 
lJ (x-a)*4 (y-¥5)° 
b 
| By rv{ dy, 
Teel = —S—S—S—S 
ty oT /(x-8)2+ (y-y,)2 
II]= [Zp] + |] 


Performing the integrations and combining: 


ge eeamaalf teat ek (y-b)* y +/x-a)% y° 
~~ (y-b)+/ (a0)? (BIEL yf (ara) y? 


From the expression the constant current density curves 





have been plotted for a snuare pole face, Figure A-2, and a 
pole face which is three times as long in a direction 
perpendicular to the direction of motion of the Slate (y) 
as in the parallel direction(x), Ficure A=-6. The factor 
lEgav| 
hes been left off so that the values of the 


27 
constant current density curves indicate relative 
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mignitude only. Figures A-2 and A-6 show the first 
quadrant only of the infinite xy plane, the other 
quadrants heving reflection symmetry with respect to 


the axes of symmetry of the pole face. 


= 
17" quadrant 


For Figure A-2 the unit of distance is 2a (also 
equai to b in this case). For Figure A=-6 the unit of 
distencs is also 2a. The ordinate for figure A-6 
starts at 1.5 which is not the analytié x axis, but rather 
the axis of symmetry of the pole face, 

If now the plate were msde finite the shane and 
relative magnitude of these curves would be altered in 
Somie Manner such that the current density would be 


zero at all boundaries of the plete. <A trye solution 





of this condition involves a field problem beyond the 
scope of this paper. As an alternative lect it be 
assumed thet the curves of constant current density 
maintain their shape and relative masnituda resardless 
of the boundaries of the plate so long as a curve does 
not cross a bouncary, in which case that particular 
curve then takes on a value of zero, 

For purposes of illustration consider the curves 
for a square pole face, Fisure A-2. Let the plate be 
termineted along the line x=4 (no termination in the 
y direction). According to the assumption made above 
all current density curves having a value > 0.06 
still exist in their former shape, but all curves 
having a value < 0.06 reach the edge of the plate at 
some point alone the line x4 and hence their value 
now becomes zero. 4s a jhysical justification for the 
assumption if it is considered that the constant current 
density curves each represent a conductor carrying the 
Specified relative acount of current, there will then 
be no currents of relntive magnitude < 0.06 since these 


conductors are now “open circuited", 








15 






| 
> ee eee 
‘eo | 


corrents 





This same reasoning can be immediately applied to plate 
terminations along any other value of x, y, or any other 
plate configuration, 

Under the considerations discussed sbove, it is seen 
that the total current in the plate passins between 
the pole feces has been reduced from infinite plate 
conditions. vcilce the force produced on the plate is 
directly proportional to this total current (f=[ 1x3] av), 
then the force will be reduced accordingly. It is seen 
then that the factor C’ has a value of unity for an 
infinite plate and a value less than unity for a finite 
plate. 

In order to obtain the atiount of total current 
reduction a curve is drawn civins the relative current 
density in the plate as a function of x alons a line 
y=b/2, the symmetry axis of the pole face. Thie oltrve 
for the snuare pole face is shown on Figure A-3 for that 


portion of the plate where x> 0.45, the edge ef the pole 


face. C* will now be the ratio of the area under this 
curve from 0.5 to a siven value of x to the total area 


under the curve, 
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In this case the followine is used: 


I « ual Oe (+065) % 0425 Oedt/ (x-0- 2 0.2 
: ~On5+/ (x- O05) + 0.25 Os5+/ (x+005) + 0.25 


So that; 

T= fr dx where I is “total current" flowing in 
the gists % the right of x=0.5,and consequently under 
the right half of the vole face. 

T is evaluated as 

x—> xX 
x—? @ 


and 


The curve of C' versus x, where x indicates a 
plate termination along a line x*constent is given 
in Figure A-4. 

Now according to the procedure outlined, if the 
plate be terminated along any line of arbitrary shape 
then the line of minimun constant current density which 
is left whollyintact will be equivalent to a termination 
along a line x=constant at that particular value of 


constant current density. Thus, for example, considering 
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Ticure 4-2, a plate termination ulony y=3.1 is 
equivalent to a terfiinetion along x=4, and sinilerly 
for any other termination which leaves the 0.06 line 
intact but cuts off all lines of lesser value in at 
least one spot (41.e., opens the circuit). For clarity 
it is again stated that Figure A-2 shows the entire 
height,b, of the pole face but only half of the width, 
a, in accordance with the system of coordinates used. 

So far the discussion has dealt with termination 
of the plate in the first quadrant only. wince all 
constant current density lines of Figure A<2 are 
closed on themselves through the 4th quadrant any plate 
termination in either the first or fourth cuadrants will 
affect these lines. ‘The same is true for the 2nd and 3rd 
quadrents, but it is to be noted that the lst and Ath 
quadrant currents are independent of those in the 2nd 
and 3rd quadrants. If the plate terminetion is sym- 
metrical with respect to the pole face, ms it would normally 
be; that is, the plate is terminated at equal distances 
in the tx direction and at equal distances in the + y 
direction with respect to the geometrical center of the 
pole face, then the values of C* from :imure A-4 can 


be used directly in the equation for foree. If the 








termination is not symmetrical then the forces produced 


on each side of the center line of pole face (+ x) 


must be calculated by applying C* to each side indi- 


vidually. 


winee the force produced on either half 


from the center line is just half of the total force for 


an infinite plate, and since the two halves are assumed 


independent of each other, the required calculation can 


be made as follows: 


w= F. C'+P 
im "® “p 
Sack Fe CH 
Ty 3 Ty “Rt 


total force on the finite plate 


total foree on the infinite plate 


C* for the right half of the plate 
C' for the left half of the plate 
force which would be produced on 

the right half of the infinite plate 
force which would be produced on 


the left half of the infinite plete 


Aecording to the theory develoved if a plate were 


terminated at x= and y=3.1 then the srea of the plate 








19 


outside of the constant current density line 0.06 would 
have no currents in it and hence would not be contributing 
to damping. In other words the plate would be carrying 
along excess mass, In order to achieve the maxinun 
effectiveness (i.e. sreatest force for the least amount 
of plate) the plate should be terminated entirely along 
the line 0.06 for the example being used. A ternination 
such as described would result ina plate of figure 8 
Shape which is rather inpractical. Also, the amplitude 
of total motion of the plate when used in vibrating 
systems has been assumed small in comparison with the 
dimensions of the plate, and while this is a not im- 
prectical assumption, it would rule out cutting the plate 
to the exact shape. The next best type of termination 
would then be one giving an oval shape; the ends of the 
plate following the desired curve and the sides being 
level along the horizontal (y=constant) tancents to the 
curve. For a pli te of this shape, it is seen that the 
length in the direction of motion (x) should be greater 
than the length in the direction perpendicular to the 
motion (y)s Figure A-5 shows this relationship. 

Figures A-6, A-7, A-8, A-9 show the characteristics 
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for a rectangular pole fyece of dimensions 1 unit in the 
Girection of motion (x) and 3 units perpendiculer to 
the motion (y). They correspond to Figures 4=2, A=3, 
A-4, A-5 respectively for the square pole face. All the 
discussion relative to the square pole face is directly 
applicable. 

It will be part of the experimental work to check 


the validity of the assumptions made above, 








Flint plate movins betweer the poles of a 


magnet heving pole faces circular in cross 


section. 





The arrangement in this case is similar to that 
for rectangular pole faces as indicated in the figure 


above with its accompanying notation. 


E= (XX) i+ (y-¥Q) J 
r= (x-x,)*+ (y-y,)? 
dl= RdO (-sinOi + cose@j) 
Por the right side of the pole face, =; € OX ¥ ‘ 





[curd Ixr]=evB, [- (y-Yo)it(x-x,) Jj] X,de 


-BorV [ (y-Yo)i-(x-xX_) J 

digy)y = = . = 

( Txy)p 27 (X- Xp) “+ (y-yo) 7 
A 

(Lev )p* p (dtxy)p 


“hh 
For the left side of the pole face,-% >e>%: 


a 
curl L=ov3,—idek 


fourl Ixr] =o v3 | (Y-Yo ) i+ (x- Xo ) j] X,de 


-BA°V (y-y )i-(x-X9) j 
“xy =e 
(x-x,) % (y-75)* 


I 
(Loy)y,? q (drwy, 
ta 
Ixy = (Ixy) ), + (Tey) y, 


uxpressings: K,= Reose 


Yo= Ksine 


Then I can be written as: 
ow 


oe -Boo wR BI (y-Rsine)cose de 
_ iil i , x“+ yt R*~ 2iixcose2)'ysine 
zit 
_j (x~Keose)cose de 
- xt y+R ~ 2xcosé-2 irvine 








In general terms; 


7 —~ Boe VR [ iv 
Lg ae | 


af = [Ezy x B] av 
Now within the area of the pole fsces the element 


of volume is (a ry dry ay] and XsYr,cosY’, y=r,sinY ,so that: 








B.o VR 
dfs sa } (ose Mj | x B osfary? Pyer 
——— : 
ag: 2 [- wa 1g ] dryaryar 
af 
af'= a uLar,ar 
al 
F farts 86 « wid i - dr, | mal 
3 —ee oe 2) 8 
fo) 


Performing the indicated integrations the triple 


integral is found to have a value of - WR 


Boe vRd i P 
Ye: o ene umes 
= 2 7 

1 
Fe ~ 3 & v4 TRA (~i) 
= J fo) 

2 
F = doe vaa(- 4) 


eB: = be vas7+ in the direction opposite to the 
gotion of the plate. 
The expression déveloped for F is sisilar to that 


in the case of the rectangular pole fice except that the 








factor C now has a constant value of 05. Diwensionally 
a relationship such as this is expected. 0 is a dimension- 
less factor dependent on the two perameters which express 
the configuration of the rectangular pole face. since a 
circle is expressed by only one paremeter, k, there 
could be no such expression for the circular pole fiice. 
From a ,uatitativeoint of view the factor of 0.5 
corresponds to the value of 0.5 for C obtained when a 
Square pole face is used. 

A development of the curves of constant current 
density analogous to those made for the rectangular 
pole face will not be made here. These curves will be 
made from the experimental deta in Section III. The 
discussion relative to the curves for the rectangular 


pole face will then apply for this case. 








B Cylindrical conductor moving in a radial field. 





Congoces rg cylin de r 
SA Wil 


Consider a conducting cylinder of infinite length 
in the 2 direction, radius R, and wall thickness d, 
moving through a radial field of flux, he flux field 
has a center line coinciding with the axis of the cylinder 
and is uniform over a distance b along the axis of the 


cylinder. Above and below this pole distance, b, the 








26 


field is zero. Using the notation according to the 
figure above, and following the same procedure as dis- 
cussed with the flat plate,the analysis is a# follows: 


Yor the lower vole surface: 
curl T=-7 vB. (x.i+ yj) <4 y* hae 
——_—- oot Yad =) Yo . 


Re Xolyoj 

@”- xX, d+yyJ+4k 

re Piks (xX)-xQ)it(yy-yo) J+ 45 

[eurl Ixr]=-¢V39/¥2 Z, 1-X52,J5+ (Xayj- y2x1)H x50 v5 Ra@ 

2 

r= (x1-x5) + (¥3-¥2)* + 28 

(az...) ea Yq 2h X22, dt (SeV ir Fo%) iM | nae 
~Ky2 ‘L VYfZet Ys (X}- XK) a (Yy-Yo) <+ Zz” 

From the symmetry of the arrangement the current 
density distribution glong any line parallel to the axis of 
the cylinder will ve the same as that along any other 


parallel line. Let an arbitrary point along one of these 


parallel lines be given by (H,o,2 ). 


Then: 
2 2 2 
"=~" J, =R 
- 2 + 
x5 + V5 = R 
=, = fe 
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=B 7 VR : (sine i-cosej)— Ksine =| 
fe) 2. Riis - | de 


OR ~+ ay - 2R“cos 6 


ay av 


Bo 
ae Sine de cose de 


{ sine ce 
D 


° 


where D expresses the denominator of the 
bracketed expression of dI, ‘The i and k integrals 


have a value of zero so that: 


27 
tx - By 7 VR 2] cose de 
2 a — oe ee 
ROZ)°L 27 QR-+ Z; - 2R° cose 
r- 
and ss 
B Vv 2 
Dem, — [a- (3) 
W, AR” + Ze 


The nesative sign in frmtof the rodical is to be 
used whenever Zy is negative in the indicated coordinate 
systen, 

For the upper surfuce the analysis is the same 
except that the whole expression will be the negative 
of the one for the lower surface and all %,8 are req 


placed by (Z,- bids 


z 2 
. 22 + (2,- 5) 


(Troz. y= bt Jax. | » 
a6 | Se 
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Again, the negative sien in front of the radical 
is to ve used whenever (Z;-b) is negative with respect 


to the upper pole surfece. 


Troz;* ‘Froz,)y* From)u 


P) 
; |} ar* BR+ By aRney aR (2y- db)" #,* 
Loon = 


3 
Pos fms (25-0)? 


The complete expression for the current density 
distribution at any point on the cylinder determined 
by 2) and0O is; 

2 
: aot a” aR“+ 2 on* aR + (2b) (z4—b) © 


& 
210 ae 
ae LRe+ a t fan? + (g sb)” 


This expression shows that all lines of constant 


a | (- sin e085) 


current density are circular with respect to the axis 
of the conducting cylinder. Thus all lines are closed 
on themselves and the cylinder represents an infinite 
plane in the light of the flat plate analysis. 

Proceeding as before to calculate the force produced 
on the cylinder: 

av={ 1x3] av 


B= B,(coseit sin@ J) 


dyv= aid 6dZy 





. 
‘ 
A] 
— oa - a 
i 
7 
= 
i ® 
‘ 
» ‘ - 
— oe 





Performing the indicated operations there results: 


2 2 a a: 2 
a¥ = > Boevd(-k) | - b+ a oe d6az, 
Be 
[ LR? + Ze a P (z-b)* 


a 
a" 2 4 
Fe= Bao vd(-k) a = an” + (2,7 >) ea, | ae 
ez , e #2 2 a f) 
ARF 2 AR + (2) - db) 

Note that the radicals now take their plus sign 
Since in the coordinate system used Zy does not go 
negative between O and b and (2b) does not £0 positive 
with respect to the upper pole surface in the interval. 


Performing the integration: 


F= ao var | b fun? + Pe] (-k) 


The term in brackets will always be positive so that the 
force is always in the direction opposite to the motion 


of the conductine cylinder. 


Rearranzing terns: 
2 2 yo b 
> Dec vd2Tt Rb| its /aR - bal 
F = Bo ydac 
P 1+(2| -. 
where C= D D 


A= mean area of the cylinder enclosed 
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within the pole distance. 

D=mean diameter of the cylinder. 
r=$ovaca7- 

The curve of C versus : » “igure 4-12, shows 
that C approaches a maximun value of l. For practical 
application values of © on the order of 0.7 should 
not be difficult to obtain. Since alli the circulating 
currents are closed on thonselves the value of Cc’, if 
such a parameter should be used, is always unity. Thus 
for this arrangement the force is not dependent on the 
lensth of the cylinder outside of the region of flux, 
except that for use in vibrating systems it should be 
long enough to cover the pole faces plus twice th 
maximum amplitude of movement. 

A comparison between the cylindrical and flat 
plate systems is difficult to make. If, however, the 
quantities ?, A, d, and@ are considered to be the 
same for each, then some comparison can be made by 
examining only the factors C and C'. For the cylindrical 
systen a prectical value of C mizht be 0.7. (C1) 

For the rectangular pole face values of C=0.7 and 
C'= 0.7 seem reasonable, then viving 0.5 for their 


product. For the circular pole face C'=0.7. (C=0.5) 
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giving the combined factor a value of 0535. From 

this elementary comparison, the crvlinijrical system appears 
best. In addition, since the cylinder need have only 
enough metal to cover the poles, its mass would be 
expected to ve less than that of the flat plate types. 
When used in vibrrtince dynamical systems this Lesser 
mass requires less force for the same aMount of 

damping so that with the cylindrical type not only is 
more force produced but less force is recuired, Perhaps 
the greatest utilization of this increased effective- 
ness would be in permittins a tmaller magnet to be used; 
that is, smaller in size, weight and current require} 
ments if it is of that type. 

Ficure A-10 shows the variation in current density 
from one “senerating surfece" as the radius of the 
oylinder is changed. The area under any one curve is 
@ measure of the total ourrent flowing. 

Figure A-1l combines two "generatinw surfaces" 


to show the reultant current density distribution. 
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S;PCTION LILI 
EXPYRIMENTAL 


A. General discussion of the experimental procedure. 


In Section II the following formules were 
developed: 

l. For a flat plate moving between the 
poles of a magnet, the pole faces being 
rectangular in shape: 


re gf — ya a7 


cc? 

2. For a flat plate moving between the 
poles of a magnet, the pole faces being circular 
in shape: 

re igevasqtot 

3. For a cylindrical conductor moving in 

a radial magnetic field: 

rs$evaa7c 

The object of the various experiments performed 
was to verify that the equatiow for force, as given 
above, do actually contain the factors therein; that 
the factors C and C' vary according to the analysis 
developed in gection II; and that the foree esuation 
for a cylindrical conductor does actually lack a 


faetor C*. 
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The general procedure followed in the experiments 
was to hold constant as many of the factors ss possible 
and vary the one for which the experiment was being 
run. For those factors which were not able to be 
kept constant a corrective adjustment was made in 
analyzing that particular test. These corrective 
adjustments will be described for each test. 

The device bat!’ Sor the experiments was a masse 
spring system which was subject to eddy current 
damping. for all flat plate experiments the mass 
consisted of a copper plate suspended by two thin 
flat springs. The suspension was such that the 
motion of the plate was very nearly linear and no 
force on the plate due to gravity (i.e. as the 
restoring force on a pendulum) has been used. The 
Magnetic field throuczh which the plate was moved 
was produced by a ring of round iron stock, 
containing an air gap, and wound with a nunber of 
turns of wire to form an electroemarcnet. Details 
of the magnet as well as all other constructional 


details are wiven in Appendix II. 
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The pick-up from which the amplitude of motion 
of the mass wes determined was formed as follows: 
Mounted on the.end of one of the springs, along 
the center line of the mass, wes a thin sheet of 
clear film negative half of which was blacked over, 
On one sgide of the film a lir¢ht was mounted and 
on the other side was placed a small photo cell. 
The face of the photo cell was covered over except 


for a square opening at the center. 
photo ce// 





The orientation of the pieces was such that as the 
mass moved back and forth more or less light would 
reach the photo cell. The current produced by the 
photo cell was proportional to the amount of Licht 
received (see figure J-1) and therefore proportional 
to the amplitude of motion of the mass. The current 
was amplified and fed to the galvanometcr coils of 


an electromagnetic recorder. The pen of the recorder 





aaa = 
> 
Zz 
a 
_ = 
- . © 
—“£ © 
—— 
= - -~ 





35 


then traced the motion of the vibrating mass. The 
current from the photo cell always beine in the same 
direction, resordless of the position of the mass 
with respect to its rest position, resulted in a 
trace which was a series of positive sinusoidal 
pulses, each of which represents a swing of the 
mass past the rest position. Due to the orientation 
of the photo cell relative to the moving part of 
the pick-up and the characteristics of the photo 
cell and of the amplifier, the trace appears some- 
what as a complete sinusoid. Actually it is not 
a true sine wave; the distance from the center 
line to the positive side only of the curve 
represents the motion of the mass. The type of 
pick-up described is considered to be satisfactory 
in that satisfactory results were obtained from 
it. A more direct method, however, would be 
preferable since in the type used some distortions 
were present. A perfect pick-up would be one which: 
a. hecords faithfully and continuously 


tue motion, with due respect to sign. 








b. Imposes no load whatsoever on the 
systen. 
ce Is capable of easy adjustment for 
orientation. 
ds Is simple and cheap to onerate, 
The pick-up used here met fully requirements b, 
c and d. It met requirement "a" to a sufficient 
degree that satisfactory results were obtained, but 
no more. 
for the experiments on the cylindrical conductor 
the mass consisted of a thin-‘ralled copper cylinder. 
The cylinder was suspended by being attached on its 
top circumferential surface to a thin bar of stiff 
plastic @aterisl. The end of the bar was pivoted 
in a bearing which wes designed to be frictionless. 
Also attached to the top of the cylinder and at 
right angles to the bar, was a length of flat spring. 
The other end of the spring was clamped rigidly. 
The object of such a suspension was to provide 
linear motion of the cylinder in its axial direction, 
The suspension was ultimately evaluated as being 
rather poor. It did provide the necessary rigidity, 
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but introduced a fairly large amount of friction 
and fluid (air) damping. In actual practice, with 
eccurate workmanship, suspensions for this type of 
Gaiaper can end are being made wherein the motion 
is linear tc very fine tolerances and without en 
undue amount of friction and fluid daspings. 


The magnet for this type was one which provided 


the desired type field. Jts physical churacteristics 


can best be seen by referring to the sketches in 
Appendix II. 

The pick-up for tests on the cylindrical damper 
was essentially as described heretofore, The only 
difference in this case was that the moving part, 
instead of being directly above the moving mass, 
was placed on an extension of the plastic bar which 
held the mass. The object of the extension was to 
provide a mMacnification of the motion at the pick- 
up. The amplitude of motion here was considerably 
smaller than with the flat plate teste, beins on the 
order of 0.06 inches, in order to preserve linearity 
of motion. The degree of masnification was approxi- 


mately 26 


ae 








38 


The mass-spring system was assumed to obey 
the differential equation, 
mx+FX+kx*0 
The solution of this equation is 
x: 678" (a cosbt+Bsinbt) 
With initial conditions that at t*0, x=x,, x=0 
the solution for x can be written 


-cwWyt 
x n 
of 


X= | sin (wp fi-c~ tt?) 


where 

c= damping factor 

w= undamped natural circular frequency ‘ 
= phase angle 


In terms of the original parameters 


Co p 
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Since c is proportionel to the force acting om the 
system, it is this feetor which, if know, can be 
used to cxamine the ceneral equations for force 
developed is Section II, In order to determine c 
from the trace of the recorder, it is mecessary to 
get cas a function of the maximuill a@plitude of 
vibration of the mass. To do this the expression for 
x above is differentiated with respect to tine, set 
equal to zero and thse result solved for c. The 


following formula is then obtained: 





yhere 


x 2 First considered maximum amplitude 


measured from the rest position. 


x Maximum amplitude of the nth sucoeeding 


swing past the rest position, positive 


and negative cycles being considered. 








Sines the damping factor, c, is the actual 
quantity to be dutermined frow each trace of the 
motion, it is necessary to account for not only those 
factors which affect fores as civen in the three 
general formulae, but also for thowe factors affect- 
ing c due to the type of device used. These foctors 
are mand k. Actually kK wwe constant throughout 
all tests on flat plates and again constent through- 
out all tests on the cylindrical conductor so that 
m is the only fwctor which wes taken into account 
as the occusion arose. 

For the description of each test which follows 
the detailed results and computations are listed 


in Appendix I. 


1,0 








Be. Experimental tests voreformed and discussion 


based on their results, 


Test ,;1 -- To determine for the photocell 
the variation of current output with 
intensity of light received. 
Figure Ll 
The photocell was subjected to light from a 
standard 6 volt lamp. The amount of current output 
was measured with a panel type microammeter, The 
intensity of light received was measured with a 
photographic light intensity Meter. Since the light 
meter was fixed off to one side of the photocell, 
the candle power readings are not those actually 
received by the photocell, but rather some constant 
fraction thsreof, 
The output of the photocell was di termined to 
be linear with intensity of light received over the 
range tested. <All further experiments retsined the 


intensity of Light within this range. 


A 
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Test + 2 == To determine the inherent or natural 
damping of the flat plate system. 
Plate: Copper 
1-5/8 inches square 
d2 0,052 inches 
Run ,1. 

The damping coefficient c, was determined to 
be 0.0135. The trace showed that the nutural demping 
consists of the velocity or fluid type due to air 
friction with a very small amount of coulomb 
friction damping. The amount of coulomb friction 
damping was so small that it has been neglected, 
For all further runs, the natural damping was . 
calculated for cach trace individually since it 
changes as the plate configuration changes. 

This test was made with the magnet entirely 
removed. Vor c, in the other tests, the reversing 
switch supplying power to the magnet was used to 
remove as much residual magnetism as possible. The 
value c,=0.0135 is used whenever the plate con- 


figuration for this test occurs. 








Test 43 == To determine the varintion of force with 
field strength for a flat plate system, 
Magnetic pole: Circular, 3/8 inches diameter 
Plate: Copper 
1-5/8 inches square 
d # 0.052 inches. 
Runs f 29 
Figure 282, i<3 
It hes been shown experimentally by others that 
the force does ectually vary as the Seuare of the 
field strength e This test and test 72 were made 
principally to verify that the experimental axzparatus 
in this case was yer forming satisfactorily and that 
the curve traces were being interpreted correctly. 
Since Y= 2cfim and k and m are constant, then 
the force, F, is proporticnal to ec. The constant of 
proportionality is indicated on Figure E-2 as K. 
Fiecure £=3 shows that the magnetic fleld is pro- 
portional to the current through the windings within 
the range used; this constant of proportionality 
is indicated on Figure 4-2 as Ki. The fact that 


2 
the curve of KF versus K, Bo does not fo exactly 


3 








hy, 


to the origin is probably due to the presence of 
slightly greater amount of natural damping than was 
used in the computation. 

Further unrecorded tests showed that the iron 
core of the ma.net started to saturate at about one 
ampere of field current. 

On the original recorder traces for these and 
the other runs the small inked dash indicates the 
point where the magnetic field was turned on and 
damping started. Time lage for the current to build 
up in the coil windings are negligible. 

In the data on the tests which follow and on 
the figures pertaining to the tests, the use of the 
letter K indicates, as in this test, proportionality. 
K appears iz most cases with F (for force) signifying 
that the data under consideration is not force itself 


but some constant times force. 








Test 4 =-- To determine the variation of force with 
thickness of the conducting mediun for a flat 
plate systen, 

Magnetic pole: Circular, 3/8 inches diameter 

Plate: Copper 

1-5/8 inches square 

Current in magnetizing windings 0.8 amperes 

Runs §10-12 

Figure sk 

Thres different thicknesses of plates were 
used: d=0.052, 0.051 and 0.020 inches. 

In calculating the dampines foree acting on the 
plate, it is desired that all factors except the one 
being exaflined, thickness in this case, be kept 
constant. since it was impossible to change the 
plate thickness and at the same time keep the 
mass anc the suookkka conductivity of the plate 
constant, a correcviion factor for the change in mass 
was made. The factor consists of a multiplier for c 
which is the square root of the ratio of the masses, 
the plate ot thickness 0.052 being taken ss having 


the basic mess. The factor is then dq ‘ 
0.052 


LD 
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A similar procedure is followed in those 
tests which follow in which the mass does not stay 
constante 

This test shows that the force is proportional 
to the thickness of the conducting medium, It 
should be noted that this reletion will not 
necessarily hold for verry thick conductors since 
one of the eaessuriptions aede in wection I was that 
the conducting Medium was thin enougy that it 


could be represeated >: a plane. 
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Test 75a -~= To determine the vartation of force with 
plate ccnficuretion for a flat plate systen,. 
Magnetic pole: Square 17/64 x 17/64 inches 
rlate: Copver 
d= 0,052 inches 
Lensth in direction perpendicular 
to direction of motion 1-5/8 inches 
Current in maguetizing windings 0.9 amperes 
Runs , 31-48 (odd) 
Figure G-5, 5-6 
Runs were made in whieh the length of the plate 
perpendicular to the direction of motion was held 
constant and the lencth in the diraction of motion 
varied. This procedure corresponds to a symmetri- 
cal plate termination along x as described in section 
II, The length of 1-5/8 inches in the perye nadicular 
(y) direction corresponded to an infinite length 
siace by the analysis a y termination is always less 
than the equivalent x termination. 
Again the mass could not be kept constant and 
the corrective multiplying factor for c in this case 


is 






total plate length 
1.625 
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vith this correction made the corrected damping 
factor is proportional to the force and will we a 
function of plate configuration. iilzsure u-5 shows 
this variation. The absissa is in units of pole 
dimensions as used in vection II. Sy drawing a 
horizontal asymptote to the curve and relabeling 
the ordinate with the asymptote at unity, the 
ordinate then becomes equivalent to C*. Figure 
E-6 shows the compsrison of Ct as developed 
enalytically in Section II and as found experi- 
mentally. The experimental curve is within 4% 
of the analytical curve for an x termination greater 
than l. Practical values of x termination would 
probably be not less than 2 or 3. 

The deviation between the two curves can 
probably be accounted for as follows: 

For values of x less than 1.25 the experimental 
curve shows that less force is acting on the plate 
than the analytical curve indicates. The analytical 
curve assumes an anplitude of motion approaching 
zero. Actually the edge of the plate was so close 


to the edre of the pole face that during portions of 








the motion the plate edge came under the Sole face. 
Under these circumstances the currents in that side 
of the plate were almost totally interrupted during 
that portion of the cycle, making the average force 
less than it would be if the small amplitude as- 
sumption could be rigidly achered to. 

For values of x termination greater than 1.25, 
the experimental curve shows that there is more 
force acting on the plate than the analytic curve 
indicates. The analytic curve assumes that there 
are no currents in the plate above and below a 
certain rerion of the plate which is determined by 
the value of x termination. sAotually the current 
density distribution in the plate must be continuous 
throughout the plate and there are currents wore 
the theoretical analysis assumes there are none. 
These "excess" currents would account for the force 


being ereater than predicted, 








Test ;5b -- To determine the veriation of force 
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wit?’ plate configuration for a flat plete system 


Masnetic pole: Square, 17/64 x 17/6 inches 


Flate: Copper 
d=0,.052 inches 
Length in direction of motion - 


1-5/8 inches 


Current in magnetizing windings 0.9 amperes 


Runs 9g 31-48 (even) 


Figure B-7, 2-8 


Runs for this test were made in a similar manner 


as for test #5a except that the plate length in the 
direction of motion was held constant and the length 
in the direction perpendicular to the motion was 
varied. This procedure corresponds to ea symmetrical 
plate termination along y. Figure t-7 shows the 
variation o: force with this plate termination. 
Figure E=~8 shows the comparison of the experimental 
and analytical results. Tie analytical curve was 
drawn using the procedure described in section II. 
The difference between the two curves can 
probably we entirely accounted for by the feilure of 
the current density distribution in the plate to 
be discontinuous, as described under test #5a. This 


error in the analytic assumption is shown clearly in 


this test. 








Consider the case where the plate termination is 
such that the y dimension lies entirely within the 


pole facé area: weoll ihe 


plite 


motion 


The analytical essumption is that there will be 
no currents in the plate and hence no force on the 
Plate. Actually there will be currents flowine with 
a density distribution of some form similar to the 


sketch below. 


These currents, whatever their distribution, 
misht be, will lead to a force on the plate. 

These tests verify that the assumptions made in 
vection II are valid to within probable encineering 


accuracy limits. 
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Test _6 -= To determine the variation of force as a 
function of pole configuration for a flat 
Plate system. 

Magnetic pole: Rectangular of varying shape 
Plate: Copper 
1-5/8 inches square 
d= 0.052 inches 
Total magnetic flux 6» 890 maxwells 
Muns § 49=56 
Figure 0-9, f=-10 
In this test the size and shape of the plate 
werekept fixed and the pole face configuration 
varied. This variation was from a square pole face 
of dimensions 17/64 x 17/64 inches to a rectangle 

of dimensions 17/64 x 3/64 inches with the long side 

in the direction perpendicular to the motion of the 

plate. To conform to the notation of Section II, 

the dimension b of the pole face was constant while 

the dimension 2a was varied, 
The total magnetic flux was kept constant as 
the pole face area decreased by increasing the 


current in the magnetizing windings. A value of 


7 b i 
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890 maxwells was maintained, current following 
the curve of Figure £10. 

As the pole face configuration was chanced, 
the relative size of the plate changed. This change 
is accounted for by using the factor C'. Since 
C* had been calculated for only two pole configurations, 
@ Stuare and a 3 x 1 rectangle, the factor for sach 
run made in this test was an interpolation between 
these two cases. 

By the above consideration all factors have been 
accounted for excent ©, for which the test was run, 
and A, the area of the pole face. It would be desired 
to keep A constant leaving C as the only remaining 
variable, but with the apparatus used this procedure 
was impracticable. It could be assumed that the 
force does vary as Aw+ as indicated in the formula 
for ¥ and account for it in this way. An equally 
good assumption is that the force does vary with © 
as shown on Figure A-l1, account for it in this way, 


and let the variable under test be A. This latter 
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procedure was the one followed principally because 
the resulting curve should then be a straight line 
through the origin rather than a curved line. since 
the experimental points do plot fairly well as a 
straight line through the origin, it follows that 
the product cA7+ as a factor is correct. 

Tests to check the variation of force with — 


were not made, 
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Test | 7a -= To determine the variation of force 
with plete configuration for a flat plate system. 
Negnetic pole: Circular, 3/8 inch diameter 
Plates Copper 
d=0.052 inches 
Length in direction perrendicular 
to direction of motion 1-5/8 inches 
Current in magnetizing windings 0.8 amperes 
Runs ~13—=921 
Figure rell 
This test was conducted in a manner similar to 
test ;5a and for the same purpose. Again the multiplier 


for ¢c to take care of the effect of change of mass of 


the plate is / total plate length, 
1.625 


Figure E-ll shows the results of the test. By 
drawing the horizontal asymptote to the curve and 
@iving the ordinate at this asymptote, a value of 1 
the values of C' are established, 

Sinee a corresponding unalytical curve hag not 
been developed, a comparison can not be made. AS 


the analogous curves for the rectangular pole face 











Test /7> <= To determine the variation of force with 
plate corfirmuration for a flat plete tyeten. 

Magnetic pole: Circuler, 3/8 inch diameter 

_ Length in airection 












3. They should have horizontal tangents 

corresponding to the curve of ficure -12,. 

The metnod of sketching was as follows: 

For a representative curve consider the one 
labeled "a", From fisure 1-11 an x termination of 
3 units results in a value of C* of 0.775. From 
Figure £-12 the value of y terninetion which has an 
equivaisnt . C* of 0.775 is found to occur at 1.75. 
Thus curve "a" of Fisure E=13 has a vertical tancent at 
x=3 units and a horizontal tanvent at y=l.75 units. 
Irom these two velues and a Knowledge of its reneral 
Shape curve "a" was sketched. The curves of Figure 
i-13 have not been labeled as to relative intensity 
except to note that their relative intensity increases 
toward the origin of coordinetes,. 

Figure E-14 shows the values of the total relative 
dimensions for a flat plate such that the corresponding 
x and y terminations will be tangent to the same curve 
of constant current density. It was aman from values 
taken off Ficure ¥-13 snd corresponds to Figures A=-5 
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Test & == Analysis to verify the factor for pole 
face configuration for a flat plate system 


eawloyving a circular waraetic pole foce, 


The analysis of Section II showed that for a flat 
plate system ewploying a rectangular pole face, there 
is a factor C if the equation for foree which is 
dependent cn the ratio of the lengths of the sides of 
the pole face; and that in the case of a circular pole 
face the corresponding factor has a constant value of 
0.5 In order to verify this value of 0.5 let the force 
equation be written as 

Fegevaa ton! 
where E* is now an unknown factor. This euuation 
corresponds disensionally to that for the force on a 
system employinc a rectangular pole face: 

r-$evan toc 
if K* is dimensionless. Also, since the factor C 
expresses the ratio of the parameters defining the 
rectangular pole face and the circle is defined by only 
one parasieter, it can Se concluded that A' is not only 
a Gimensionless, but also a constant, factor. The two 


#quations can now be divided one vy the other to five: 
ry r 4 ’ 
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Test »9 == To determine for a cylindrical conductor 
system the variation of force with cylinder length. 
bagnetic pole: b= 0.125 inches 
Cylinder: Copper 
Diameter 0.449 inches (mean) 
ad=0.035 inches 
Current in magnetizing windines 0.16 amperes 
Runs | 57-71 
Figure Hel5, K-16 
Runs were Sade in which the length of the 
conducting cylinder was varied. The oylinder was 
oriented in the magnetic field as nearly *symmetrically 
as possible so that es much of the cylinder was above 
the upper ole surface as was below the lower pole 
surface when the cylinder was in the rest position, 
The only factor which was varied (beside the : 
cylinder leneth) was the sass. <A multiplier for 
e was found in a similar manner as described hereto- 
fore except that in this case a slightly more compli- 
cated procedure was necessary due to the fact that 
the mass of the support Wembers was not negligible 
with respect to the siss of the cylinder. The details 
of arriving at the factor used are siven in Appendix I. 








The results of this test as shown on Tigure 
£-15 show that the force acting on the cylinder is 
independent of the leneth of the cvlinder outside 
of the region of flux. The analytical formula for 
force as developed in Section II indicates this 
independence by the absence of the factor C! and 
the experimental test substantiates the analysis. 

In setting up the equipment for this test the 
cylinder was first held on its suspension in such 
&@ manner that the entire top of the cylinder was 
covered by a thin sheet of fiber material. It 
was noticed that under this condition a vory high 
value of natural damping occured. The reason for 
the high natural damping was found to be due to the 
fect that the relatively small clearances between 
the inner magnet pole and the eylinder walls produced 
@ piston-cylinder effect. When the support was 
changed so thet only a sinall part of the top of 
tie cylinder was covered, the natural damping 


decreased to an scceptable value. Thus in order to 
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Test ,10 -= To determine for a cylindrical conductor 
system the variation of force with pole face 
configuration. 

Cylinder: Copper 
Length 0.672 inches 
d=0.015 inches 
Diameter 0.449 inches (mean) 
Total magnetic flux¢ £1223 maxwells 
Runs .) 72-86 
Figure 0-17, E-1é 
In this test the size and shape of the conducting 
cvylinderwere kept fixed and the pole face configuration 
varied. whis variation was accomplished by varying 

b, the pole distance as defined in Section II from 

0.312 inches to 0.125 inches. 

The total magnetic flux was kept constant as 
the mean pole face srea deoreased by increasing 

the current in the magnetizing windings. A value 

of § 21223 maxwells was maintained, the current 

following the curve of Figure £-18, Due to the 

fact that the mean area of the pcle fuce changed as 


the configuration was changed, a procedure similar to 
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Test ~4 
To determine the variation of force with 


thickness for a flat plate system. 


Run a Cc en Co M Col SKF 
10 409052 £258 040135 Odes 1 01445 
1l 0.032 0.129 0,00863 0.1204 0.772 0.093 
12 Of020 OwhOO7 0500825 OVO92L5 On62 O9OS7P 

4 = plate thickness in inches 


NM #® correction factor for mass effect 


The weight of the support members has not been 
taken into account in calculeting the relative 
change in mass (M) since the weisht of the lightest 
plate tested was more than twenty times the weight 
of the support members. 

Total weight of support members: pickup section, 
fiber support arm and springs including portions 
of springs held in clamps = 0.3525 crams. 

Weight of lightest plate teated (d= 0.020) * 


$235 FTA Se 
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Test 75a 


Run 
31 
33 
39 
on 
” 
LL 
1,3 
L5 
7 


To determine the variation of force with 


plate configuration for a flat plate system, 


1/L, 


Ch 
0.0135 
@.013 
0.009 
0.006 
0.0051 
0.005 
0.0032 
0.0026 
0.002 


Cc 
0.1735 
0.173 
0.17 
0.1956 
0.186 
0.176 
0.146 
0.0663 


So 
0.16 
0.16 
0.161 
0.1896 
0.1829 
0.171 
0.1/,.28 
0.0637 


0.91614, 0.014 


M 

1.0 
0.92 
On 8325 
0.735 
0.68 
0.62 
0.555 
O48 
Om B92 


Col. *KF 
0.16 

0.1471 
0.134 
0.139 
0.1213 
0.1061 
0.0793 
0.0306 


0.00549 
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x termination 
3.06 
2059 
20115 
1.65 
LeAl 
ls 276 
0.941 
0.707 
0.4705 


Ls Plate length in the direction of motion in inches 


: |r 


Weight of support members has again not been taken 


{nto account. 


- Correction factor for mass effect 


Weicht of lightest plate tested (1-5/8 x 1/4,d@ 0.052)= 


3.340 EraMs e 


x termination= L converted to units of pole dimensions. 





Test 5b 


To determins the varietion of force with 


plate configuretiion for a flat plete system. 


3/8 
l/h 


Cn 
rik 35 


0.9079 
0.0072 
0.0065 
0.006 

0.0055 
0.9034 
0.0029 
0.0023 


Cc 
0.1735 
0.178 
0.1932 
0,221 
0.21 
0.2155 
0,216 
0.207 
0.1202 


Co 
0416 
0.17 
0.1386 
0.214,5 
0.22, 
0.21 
eiabe6 
0.20/,1 
0.1179 


la 


Cc cW=KF 


0.16 
0.1563 
0.155 
0.1578 
0.1388 
0.1302 
0.118 
0.0984, 
0.0462 


L #Plate length in direction perrendiculsr to 


direction of motion in inches, 


=Correction factor for mass effect. 


y terminatio 


3.06 
2059 
Qed 
1.65 
1.4L 
1.176 
0.941 
0.707 
0.4705 


y termination= L converted to units of pole dimensions. 





Test /6 


To determine the vari#tion of force as a 


function of pole configuration for a flst plate 





syste. 
Run|2a/b/2a{ I | en C Co R 
49 |17/1.0 | 0.82/0.0135] 0.132 | 0.1185/1 
50 |15)1.132/0.92} "* | 0.167 | 0.1535/0.992 
5L |13)21.308/1.05] " | 0.145 | 0.1315/0.981} 0.9090.1169 0.0769 
52 |1112.545)12.2 | * | 0.180 | 0.1665/0.971) 0.8440.137 | 0.092 
53 | 911.89 11.5 | ™ |0.213 | 0.200 |0,961) 0.780.151 | 0,112 
Sh | 7(20428/1.95] " | 0.2755) 06262 | 0.952] 0,.72G0.182 | 0.1429 
55 | 5/304 |2.68] " |0.42 | 0.4065| 05943/ 0.6790.259 | 0.20 
56 | 3(5.666/4.45) " | 0.745 | 06732 | 06935|0.6190.428 | 02333 


2a= Pole leneth in the direction of the motion of 
the mass in 64th inches, 

b= Pole length in the perpendicular direction in 
64th incheSe 

I= Current in magnetizing windings in amperes, 

Rs Correction factor for change in reletive configuration 
of the plate. 

Pe Correction factor for chanee in pole face 


conficuration. 


(See next page for comyutetion of R and P.) 
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7 a —_ ¢ 
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Cay, a= a 
© S oo Se — a 
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Test ;7a 
To deternine the variation of force with 


plate configuration for a flat plate system, 


Run L e c cy M C MaKF x terninetic 
13 1-5/8 0.0135 0.158 O.2445 1 O.1Ak5 4.233 
1h 1643/8 0.013 0.165 O152 0.92 Owls 3.67 


15 1-1/8 0.009 0.159 0.15 0.8325 0.125 3.0 
16 7/8 0.006 0.1374 0.1314 0.735 0.0966 2.335 
27 4«43/k 0.0051 @nl2 207 Cie OvO727 4 86aae 
28 5/8 On005 Oell6S OQL.112 née 0.0695 1.667 
19 1/2 0.0032 0.0935 0.09 04555 OvOS 1.332 
20 3/8 0.0026 0.022 0.0194 0.48 0.00932 1.0 
a U/, 0002 Owol 0.008 0.392 0.00314 0.822 


LoaPlate length in the direction of motion 
in inches 


M”"Correction factor for mass effect 
s L 
1.625 


x termination=L converted to units of pole 


dimensions 








Test #7b 


To determine the varistion of force with 


plate configuration for a flat plate system. 


Hun L 

22 1-5/8 
23 1=3/8 
2, lei/8 
250607 
26 8 3/k 
re 
28 1/2 
mm 63/8 
30 1/h 


n 


0.0135 
0.0079 
0.0072 
0.0065 
0.006 

0.0055 
0. -034 
0.0029 
0.0023 


Cc 


0.158 
0.1456 
0.151 
0.159 
0.1702 
0.174 
Oeb53 
0.1212 
0.0623 


Ce 


O.1Lh45 
0.1377 
0.1438 
0.1525 
0.1642 
0.1685 
01496 
0.1183 
0.06 


1 

0.92 
0.8325 
0.735 
0.68 
0.62 
0.555 
0.48 
0.392 


C MHxKF 


0.1415 
0.1266 
0.1197 
0.1121 
0.1118 
0.1045 
0.083 

0.0568 
020235 


L=Vlate length in direction perpendicular 


to direction of motion in inches 


fa 


‘/ 16625 


pole dimensions 


M=Correction factor for mass effect 


y terminations L converted to units of 


433 
3.67 
3.0 
20335 
2.0 
1.667 
1.332 
1.0 
0.822 
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y termination 





Test 9 


nun 


a7 
58 
29 
60 
61 
62 
63 
6h 
65 
66 
67 
68 
69 
70 
71 


To determine for a cylindrical conductor 


system the variation of force with cylinder 


length. 

I 1 Ch fe) Co Nu co lis KF 
== 0.665 0.004 oe -- _ ~ 

Ow” 06665 05023 ae -- -- a 
Owl6 04665 0,023 0.0962 0.0732 1.0 0.0732 
0.0 0.625 0.02275 -- -- -- | 
0.16 0.625 0.02275 0.0914 0.06865 0.972 0.0667 
0.0 0.562 0.0191 <== -— -- = 
0.16 0.562 0.0191 0.0898 0.0707 0.925 0.0654 
0.0 0.500 0.0186 == -- == 
0.16 0.500 0.0186 0.095 0.0764 0.88 0.0672 
0.0 Ooht5 O.O1L7R == -- -- = 
0.16 0.445 0.0174 0.0983 0.0809 0.821 0.0665 
Ow 09386 010265 —= -- -- _ 
0.16 0.386 0.0165 0.103 0.0865 0.784 0,0678 
0.0 0.320 0.01 -- -- ~~ - 
0.16 0.320 0.01 0.1041 0.0941 0.772 0.068 


I@ Current in magnetizing windings in amperes 

1* Cylinder length in inches 

W= Correction factor for Mass effect (See next page) 
Mote: Kun (57 wos Made with the magnet entirely 


removed to see what effect this condition would have 











Computation of factor M, test #9. 


Total woicht of all support members including 
the portion of the spring clamped down in its 
support # 0.9415 srams. 

weight of shortest cylindertssted = 
24272 erams. 

Effective weight of supporting members = 


O.4 grams. (Estimated) 


We Ws Wt We [& - ik 
Del bLEw4 

472 0.4 5.12 1.0 1,00 

hehh “i 18k, 0.945 0.972 

3699 o 4.39 U856 0.925 

Ba 55 m 3295 0.7715 0.88 

3.16 vi 3.46 O75 5 0.821 

267k " 3.14 0.613 03784 

20272 " 2.672 0.521 0.722 


Vo = Cylinder weicht in #@rans. 
Wg 2 Support weight in grams. 


Wt = Wot 'g 





Test 10 


Ran 


the veriotior 


0.0 
0.256 
0.0 
O32 


I ws Currgéat in 


To deturmine for a cylindrical conductor system 


b 


0.312 
0.312 
05257 
0.257 
0.210 
0.210 
0.187 
0.187 
0.264 
C.16, 


b 


0.465 


@) e L417 


0.365 


O ® 34.8 


Gy 27E5| OnplsO27 


> @ lole distance 


Ds 


Motes For run ¥72 


Cn 


0.00156 
0.02825 
0.02825 


0.0256 
0.0256 
0.025 
0.023 
0.0177 
0.0177 
0.012 
Oy O22 
0.9109 
0.0109 


0.01027 


in inches, 


Cc 


0.0565 


0.0913 


0.0965 


0.1206 


wgnevilzing windinns 


{f foree with pole feee confis 


Se 


0.03175 


0.0793 


0.0656 


U.1097 


uretion. 

P Pes 
- sate 
_ — 
oak] i 
me ie 
ms ata 
0.735] 04068 
0.687| 010754 


in omperes, 


Mean diommter of cylinder tn tockbes. 


see unete under test ©9 for run $57.6 


l- 
5" 


I 


x 





—_- = + 


yi. ra | a of 
it : = bal | 
[mens ) eae | toma 














General lay-out 


V4 rel/ds OC 


yo volts AC 





te electte nd 9 aet 


N@in Unit consisting of: 

1. Vibrating mass under test 

2e wlectromagnet 

38 Thotocell 

be G volt lamp 
Amplifier: strush Development Co. Model BL-902 
Recorser: Srush Development Cos. Model L202 
slide wire Sottntiometer : 717ohm 


DCG ammeter : O.1. afipere 
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FP. 6 volt dry cell 
Ge SPST switch 


H. UDPDI switch (reversiny:) 


ochematic drawins of the main unit set up for 


flat plate tests: 


LN 











1. Vibrating mess (copper plete) 
2. Flat bar springs 

3. oupnhort for plate 

Ls Photoeell] 


de¢ NOving memer of pick-up, 














oving system for flet plate testa: 






g 
nN = springs heat treated 
blackened berrylium copper 
preter 


suppert 


Dimensions in inches 


The various specinens of copper plate were 
cenented to the fiber support ara with commercial 


Jucoce nont. 





ove. Byst for oyliadriagl camductor testa: 


(neving trem ber 


of pick vp 
_ 
SSS 







rie tenle 
tro (> 5 ring Rh pnches long 
| = a aens snches Lhiek 
<> 


Typ 
a 


cylindrical 
e onduct of 


Dimensions in inches 


Fhotocell 
"Ng inches 
ught opening Yer Yg inches 


NO (ute on the photocell choructeristion, type, 


etc. is availatlo ocxcert as shown on Pisure sl, 





Torus magnet 


—| | gar 


By: eclion Fh -A 





Core aterial cold rolled Steel, exact type 
unknown. 
BD 7.3 om 
D'e 0.9525 en 
Gap #0.2386 cm 
I 572 turns AWG#22 cotten covered 
copper magnet wire 
Figure E-3 was drawn from computation for this 
magnet using the data for Ordinary Low Carbon Steel 
in Handbook of engineering Fundanentals, xshbach, 
Pege 11-103. 
For tests involving syuare and rectunpular pole 
faces, the poles of this magnet were filed down to 
the specified size from a taper sturting about 4 inch 


back of the pole face, 








Cylindrical tyme marnet 





Gimensions in inches 


Core material cold rolled steel, exact type 
unknown. 
N= 480 turns AtGy25 enameled copper magnet 
wire 
Yigure E-17 was dréwn using the same date as 


for the torus megnet. 




















P| ad Boa YZ. 
f° SOpIs o sygbusy fo ovzey 
Y2im ) 4099 &, Rill fo ue 1zdoriey 


Mbares: = saEaeer 2 gaat 
} 7 : = 
- a Seagate 






Cees abt — jae Pee ie | e 
eS= fie Gedo iE} 

















a : ® 


| AE SES 























ale 


eye 


: 
SSE 





Aqieuap pu AAMOD (aan 


— Spat bseisqe ayg brop 
Ze J Or ZDu70) P cb AL SH aop HOA AND “PAT B34 
r =~ = cy et 





saul 


fla |= | 
| Fh op — epi 
eat 
—p— 


; 
Sees 


st aes Ieee 
- i | 
- aj - a 
fil } 
a 
=i. =~} 


wl 
- 
¢ 


Babar ere aloe 


_—— ae a 


r 


- _—— 
= ee 
am as: 


ue 


ee = 
‘ } 


=> 
























+ 
a 
~A 
a » 
P ~ 
» ~ 
‘ 


7a ae oa 
Bisa si © ie 


‘AOR ee 


RGU te ah [ 
ii} eerie rae i a 
a a a pH 


"ERR RT Ah 7s af 


TY 8 
tee eh tee b imie 


Noelle tale 
RF ae ee 


Ment of he ees 


a a) tt Ris ea | 
a La ae |: Sere! mine ad Pir ‘ re } | 





—— 
a ——e << Sa. ae 


—_— — 





See ra a 
FP" * bata) ip. 


4 | 


? 1 
a1) ee. '' ‘| ‘ . 


tt 





A Mee i 
3 ie a a 
fe | Ap 


ae adie 
|! 0d 
i 





Nite cual iia eee lee 


A 


CT eERoe 
t=} 
oi = « 


i 
Va 
Ma 
jet 


ea 


Le zie | gs 


[aS ri 


' - 
7 

. ) : 
— 1 \ yk | 
he . y.. | OAR ) : 
Sieh | | | 

. s - i i | -_ -— _ 

Jj? | 9 7° 


a er 1) 2 i= im Thh 
q 2% H - 
{rr et eh Sh, 
> aa 7 - 


REESE 
i ee = 


Se ERR ES 
|e : 
en leotall AS 


el a es 


HW. 


ee & — — 


“= es 
|) ae 


We 
——: - 


Joe aa 1a 


} 


rie 


| aia 
EY ADE ihed| balag hl np oa 


ya Ez a 
ll iE SSMSame'l 
iit fia pital I bWecsh [ade 
le eng Pie dese 


Son 
Nahe 
= 








96 


x 


ii 
| 





et her, ° 













Sean ae Seane eae 
iT it it tp ef Ir ie 

ees HE ane 

SSB Gene SAG Geen 























oF 





TE Meee Ra GES 
ae i ’ 


: 
He | 





-—, 
= 


— mens 
4 beds ftloe}e—, 
- cena Ak Ga =a re 





yn pe = 
-¢ 
s- 

7? 





ABees 
fe 
| 





: 


_ 
++ 
- 
+e 
peme 
> 
+ 


mers pepe io 


- 

b— 

t 

- 
ibe fiose — eo 
. od ” 
. - 7 

~~ o 














re | 

Wem) ALS 
\. per i mal 

motlm 

' ‘weit 
Ret” 

5 - — in 
“Hh | a 
ee Lime 
_) a 
ee). Sa 

Lt} Fs 

Bie riei 

0 a | 


















Scie ft 
Flee ola 
pags = me ES 


, 











. (dperect JP ae 32 Af, wary ras 





— 


& 


103 












{ 
{ 
| : - 
{ 
$-+ . 
: ; 
t 
j ' : 
aq ~~ | : : 
ne ae ee 
: : - - 
ray, 
wh 6 ’ 
iz i ; 
: 
b-- om | ‘> 
- 
owe 
: : 
: : 













a Hs nial 

SEER Me 
nL Bane NHI 
ueeticese tas 






















PE Ee 
MEARS 
MEENA RRMES Ea eeage. Uils0 
nti 

CLE Bike 
al ENE 





ata 



















74 int Wy, 

ah act Pr aay 

ae WaPebenna tae 
| 




















£ ie |B pt Yi (ome a te Hie: fal all 
tae Ts 6 ea U iotor Pay ae LP 
[it tie 
a aU rp | 
| BRE PRraea ana LSet 
Waele te it ea (|) LE He IA |W ire iat tc [oa UT ea 
72 [VOTE TR a ne Ae! te | aE | 
. 





RRS GPS Pe 





“CCV 


{LILY at (RST a Ee a |) a Va | a 
Wr aes | ed Th eA | aati! i 
Aa a a 
| — eli et Tell! STs | } 
| Ps Fa Pa | a 1 i b te 
alt a ETE Pa m2 Pula 
Hae ble f Wh »| 
1 peti d LA] 


| 

9 

HI ih dell! 
Hal iz A (ray be | ii aglt 1 I 

| u 

| | 

. 

| 


ry 
AI Siti al ai 
belli 


‘e 
al 


h Sor pe 


sha 


4) 
+) — 
aa — 
—=e 





“3 ) : 
4 


+ At! hi! pr eis 
oa 7 


1h —— 


} b 
"et FI 
— senha G 
leila 
$F | 
¢ 
: 
t ~~ 
= — 
—- 
: 
| 
' 
; 
: : 
_——— + =. 
ee 
— a ——— 
a a 


ee ee —s 
Ee GEE 
-_ — 
_ 
ae _— —— ies 4 
_ a ™ = ——w ——w » 
‘ q i 


hee Bd 

iy (es 
= Sine 

\ | 

' 

at 

Abu 
- YT? —— 


tt 
i 
= 





yf 









(au ibea 


. 
: 
| : 
' : 
| te. | 
V7 He Ve fe dele lial | 
ia te 


- 






4 is rhs wali “eka 4 


f 


eee i ii ee 
BBRBE Jace 





‘e i ‘oni wih 


‘Coletale 
fees? 





j 


ad ni (3 ya 


Ps |g ea ‘t ial ; 


Ene 1h 





lalate aut ; 


j VL che 


44 nd | my : 


satel 











Se ect ral lee 
ole ellen ’ 


op 
ve 








ifn a “lat nfl t lie eles 


Pari flka 


“+f 





Je — 


oe | 


oy a TL 
See ie ts Neha eel 


ee 


-_ 
al 


| 


es : 


orale mm + {a 


or 








=| ae 


— coe thor - 














i 


‘ 
es eh =< 
ae 





eC" 














ead keira 
[Dr4L Aye Pep | /*4 auitavd ¥) 
i eae 1 ff — : 


f? UOSIA PO ode’ 


—— 


Cat oS © : steabe 




















os 











xealaba 
ad ~ -_ 


a OIJa4 
: vn eror ZIM 
i uaa ay 4 

we gesn bry 











; Bee == 






Th mar. ae 


7 
| “ia ° 
y ' 7 '‘ al 
1 ‘ = * 
* e - a -_ Fs << + <b ~~ ‘ 
7 - EA 
7 
‘ 
| 


4 7 
, ae on ve 
: “a 
> 1s ; 
\ ERS o 
7s 
1 - 
a '. s 
: 
_ - ° 































35 ! 







Ny = | | 
; : 
re. ~| 
; : 
SSS 


sii - 
‘i P _ Fr. 
' — _ {> ~ 7 = 
= ' a 7 a! ‘ 
= See a 
—_—— - =“(4— -— ae =< 
' \ 7 + = — = 
(a “a Bien = 
\ 
' 
























an 


BP, 









1 as 
uae 


SE | Fook a=? | 


Sn Sa awe 


= 
Pay 









es ol 2a 


=} 
dee) Torairaan 






re 
—_— 


bil 
iaragait 
ital BRE 
Ces 


Pag, i 
ial} -_* 


‘2 
i 
Hea 






aa = ona 
=| 
-—_ i 
pee ae | 
vee tJ 
Zit -~r 


| 
fee Se 





Se ee 


= 7. = : + 
a} aren pave = i = 2 4 —— oa 4+ ae 
= — 1 oie Ft ores ees ae S| 
a gp ey ee ai, alg af oT 4) ae 
— ~ ie go ee peo a — fe - 
i be = OO o.com! h eal 
a= oe pete feat le 
/ --,- 





AE RNR) 


Sn fl 
—- o = 


Lj 


ue eT. 
Beene or cscc: | 





ut 


— 





de Et 


ae ele | 
epee Je eps esa 


re halite kalale ale oe 


Baba 
Ao 


at Bil ‘ itl! 


Uysal 


iz 
etal eS a MDE a 
vale les sia tee a a 


um eae 



















: 














q 
, 
: : — 
Ve AP © o 
waar es Wf Of? Of 7 Of A 
-_ : 
-,! - - 
- - 
: i 
ma 


f 


ce 


, f | \r'C; at 
= 4 = ey 
vp ee Fe jj). - 
g iA = 
r 


is 
Beh 
aa 
= 


EERIE, | 
Fa) a ac pL te sila : 
Oat LS eA | FP KS | 
segggeeutges 2: 


5 feel & Wye | . | 
* é - > | =) We 1 ; 4) 
ub ah a ee = H fan] Cs — -{- ¥ 
: LE Lee ee) Sees i 1 ; _ 
TL ' 







Aes Se 


fe Ee 
j= 






ey 


iv iat! 


= 


: ie ae et 
aie e| =a = 2358 


Al 
md 
= pa) le 
ia ae = 
al 
fii 


Ea nnran 


Be SEe ae 


| 
) cr | - ae icici 15 
Noles ates 
sens ol Ee 
BES geas: 
ie lim nd ate 


7 
= '-- 
' 


‘ : 
- > 4 a 5 ; | if - ~ | 
hk a 4 ml Se — - 










Satie 







Pa 


Fale 
r 
“lh Ly 


“7a 
far 


K RQ laches 


. 


"4 Jolres 
Hecta LS 
Sif, 









na 3.9 
eae 
xe X 
Q 
Psy ev 
S43 
x — 
+ ie 
OS eS 
Lg > 
kK 2 33 
ie 
u be 
ra $ 
0 3 
q 
<a 3° @ 
CC. i 
re 
NSS 








: 
— bib EJ 


| 
. tr ah) 
— i sS. -« 


a4 


SS 
> << ———— o 
: 
; 
= - 





a a | 5 


7 ‘ 
7f 
——————— 
1 
; 
- 


alo 
if 

— Hy 
| 








. rg 2 E aa 





cut 
° 


at ote ff 





















THE 


} 


ee ay Oe ern 


' 


la | 


La ae 


1 





r 


| - 


| ‘leal I ihe 
| 
| a ae | Peet 
f | | | | Tr : 
iE ae 
_ ~|—- | ‘ 
ie | 
. . 
- 
Si! | 
u : : 
I } 
7B : 


- ( 

















Slam . 


tes ble ot 


Fi 


Tee eipmyine a oom 
TIES — or trer| P te 





i 
| 


oes TR 




















.aaleiet JES av. 
|= a Bal) os itt : 
‘ ae aia al L 
a : i : aK | | = ; 
4 ea ls ~ 
| ; ~ Ahad ; 
cree sel el eS pe P| | 
= me cel ee SS 
le a See x 
1" ar i ~~ e - . = A hes) bam | 
wot} . / ———_—_-—+—_— 
jet at | le 5 et ii RIDE 
i.e Sees Paks ae we 


tense labs dgst be 
ate ; To acto ener atria 
‘ SAN, ll “) \L« ei Pia dl Pa 































js a fpemdrred L let a seth by Pm e | ae aw. Lae att ra F == a | 
cee ae ee ee a 
geht h | lah gfe UT) se i 


an ot le 2a ee oe gS Ue US ao 
ere es IF |e) ee See os ee “1 = - - 


Le 


IBLIOGRA /ViTY 


On the Megnetic Damvoer 
by Takahiro Hagiwara 
The garthquake Research Institute (Japan) 
June 20, 1934 
Jtlectronics Applied to the Measuregent of 
Physical ywuantities 
Royal Aireraft £stablishment Report Nunber l, 
September 1947 (English) (Restricted) 
sSlectro Nagnetic Theory 
by J.A.otratton 
“icGraw-Fill Book Company, New York 19kh1 
olLectrical Measurenents and Measurine Instruments 
by A.wwWeGolding 
sir Isaac Pitman and Sons, Ltd. London 1946 
Nlectrical Measuring Instruments 
Part I. Commercial and Indicating Instruments 
by C.V.Drysdale and A.C.Jolley 
irnest Benn, Ltd. London 1924 


120 









































